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(54) Computer architecture containing processor and coprocessor 



(57) A computer system comprises a first processor 
1 and a second processor 2 for use as a coprocessor to 
the first processor 1 . The system has a main memory 3. 
The system also has a decoupling element 8 such that 
instructions are passed to the second processor 2 from 
the first processor 1 through the decoupling element 8. 
This has the effects that the second processor 2 con- 
sumes instructions derived from the first processor 1 
through the decoupling element 8, and that the second 
processor 2 receives data from and writes data to the 
memory 3. The processing of instructions by the second 



processor 2 can thus be decoupled from the operation 
of the first processor 1. 

This is particularly effective for processing of a com- 
putationally intensive task (such as a media computa- 
tion) on an architecture with a general purpose first proc- 
essor 1 , using a second processor 2 adapted for the 
computationally intensive task. This can effectively be 
combined with use of a buffer memory 5 adapted to ex- 
change data particularly rapidly with the memory 3 in 
response to memory instructions, together with a further 
decoupling element 6 to decouple the buffer memory 5 
from the first processor 1 . 
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Description " c 

FIELD OF INVENTION \ 

[0001] The invention reiates to computer architectures invoking a main processor and a coprocessor. 
DESCRIPTION OP prior a RT 

not optimised for all tasks. Where xJ^o^S^l^S^ computational tasks, but they are inevitably . 
frequently not be able to perform acceptably C ° mpU,a, '° nally m,ense < such as "*ta processing) then the CPU will 

so.utions can beLnd by^ucttor xS^^S^X^ S '° W l ° ' mpr ° Ved 

suited to a given computational task such a FpVTSS p be P ro 9™™ed with a configuration particularly 

if such structures are^ conflg al ^SS^T^T ^ * ^ 

CHESS array, discussed in LrnaUona, Pa'en ^Z^f^^S^T^ * th6 

QB98/00248, US Patent Application No. 09/209,542, f5ed o M1 Dece^be M 9 98 'aid H P 31601 APPliCaU ° n N °' 

Patent Application No. 98309600.9. December 1998, and its European equivalent European 

such computations --TS^lt^^S^iSS?^ °" ° Vera " W " erio — 
that the .imitations of the S^^^^°o^ ^ZZ^™*™ ^ S,i " ^ "* 

SUMMARY OF INVENTION 

?3£S=S5ESSs====k 

instructions derived from the first ororp^or th™. ,„h *k ^ , eiem ( em ' sucn that tne second processor consumes 
ceives data from and Zes ^l X^T^ ^^tT^ ^1' *" ^ ^ prOC9ssor re " 

decoupled from the operation of the first pr^esiT P 9 ' nStrUCti ° nS by the SeC ° nd proCessor is 

processor, typically a processor soeciallv ITanZ f ? ex f cu,lon of the instructions is carried out on the second 
This is very IportantThen the Tsi pZesT^tZZT C ° mpUta,ion ° r of computation de.ega.ed to it. 
required foi a number of ot^ ^ ^nam^^^S pr ° CesS,nQ unit of a com P^ device, and thus may be 
or reconfigure particularly effect.ve arrangement when the second processor is configurable j 

it will require no such servicing during performance "ol deC ° UP " n9 e ' em6nt ™ V b ' ~ U > 50 that t 

I 

the coprocessor q V * Pr ° C6SS0r and consume d from the coprocessor instruction queue by f 



memory and store data to the memo™ ThS hH ! T, mSm0ry ' S adapted ,C l0ad da,a from ,he 
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the buffer memory in bursts. 

[0012] Decoupling of the first processor from the buffer memory can be achieved by use of a second decoupling 
element, wherein memory instructions relating to movement of data between the buffer memory and the memory are 
passed to the buffer memory from the first processor through this second decoupling element, such that the buffer 
memory consumes instructions derived from the first processor through the second decoupling element. The process- 
ing of memory instructions by the buffer memory is thus decoupled from the operation of the first processor. 
[001 3] Where such a buffer memory is used, and as the first processor is decoupled from the other system elements, 
it is desirable for there to be a synchronisation mechanism to synchronise transfer of data between the buffer memory 
and the memory with execution of instructions by the second processor. Preferably, this is adapted to block execution 
of instructions by the second processor on data which has not yet been loaded to the buffer memory from the memory, 
and is adapted to block execution memory instructions for storage of data from the buffer memory to the memory where 
relevant instructions have not yet been executed by the second processor. Greatest efficiency is achieved when if 
execution of instructions or memory instructions is blocked by the synchronisation mechanism, other instructions or 
memory instructions which are not blocked by the synchronisation mechanism may still be carried out. 
[0014] In a further aspect, the invention provides a method of operating a computer system, comprising: providing 
code for execution by a first processor; extraction from the code of a task to be carried out by a second processor 
acting as coprocessor to the first processor; passing information defining the task from the first processor to a decou- 
pling element; passing instructions derived from said information from the decoupling element to the second processor 
and executing said instructions on the second processor, wherein the processing of said instructions by the second 
processor is decoupled from the operation ol the Tirst processor. 

BRIEF DESCRIPTION OF FIGURES 

[0015] Specific embodiments of the invention will be described further below, by way of example, with reference to 
the accompanying drawings, in which: 

Figure 1 shows the basic elements of a system in accordance with a first embodiment of the invention; 
Figure 2 shows the architecture of a burst buffers structure used in the system of Figure 1; 

30 

Figure 3 shows further features of the burst buffers structure of Figure 2; 

Figure 4 shows the structure of a coprocessor controller used in the system of Figure 1 and its relationship to other 
system components; 

35 

Figure 5 shows an example to illustrate a computational model usable on the system of Figure 1 ; 

Figure 6 shows a timeline for computation and I/O operations for the example of Figure 5; 

40 Figure 7 shows an annotated graph provided as output from the frontend of a toolchain useful to provide code for 

the system of Figure 1; 

Figure 8 shows a coprocessor internal configuration derived from the specifications in Figure 7; 

45 Figure 9 shows the performance of alternative architectures for a 5x5 image convolution using 32 bit pixels; 

Figure 10 shows the performance of the alternative architectures used to produce Figure 9 for a 5x5 image con- 
volution using 8 bit pixels; 

50 Figures 11 A and 11 B show alternative pipeline architectures employing further embodiments of the present inven- 

tion; 

Figure 12 shows two auxiliary processors usable as an alternative to the coprocessor instruction queue and the 
burst instruction queue jn the architecture of Figure 1; and 

55 

Figure 13 shows implementation of a state machine as an alternative to the coprocessor instruction queue in the 
architecture of Figure 1 . 
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DESCRIPTION OF SPFniRc EMBODIMENTS 



S, ssis^ tr/ctr acc r nce with a « rst «*°*™ °< - * Es . 

between the processor 1 and The coprocessor 2 for SET" ' f Stab,ished so tha ' a catenation can be partitioned 
tially any general purpose processor' oTexample J^SST^ ™ e PrOC6SSOr 1 may be essen " 

of handling w«h significantly greateJ eSSs a pah o the oSLT»r te ? anyMProCe580,MPable 
essentially the whole computation is to be handled b The coprocesso^ 2 rather 1 ?T? SVS,em de8 ° ribad here - 
the mvention is not limited to this specific arrangement C ° pr ° cessor 2 ' ratner than by the processor 1 - however. 

KS2 b^S^EJS^^ * T onfi9Urab,e FPGA ' as wi " ba di — d 

instead (with corresponding mo.^.^^p^^S^ ^ -nd DSPs, could be employed 
2 have access to a DRAM main memory 3, though the processoM afi h^L ^ Pr0CeSS ° r 1 3nd C0 P rocess °'- 

4, typically SRAM. Efficient access toThe DRAM 3 provided bv^'bur^ buflte^ 88 8 CS °^ °f faster access memory 
with DRAM for the efficient loading and storing of "bursts^ infoSLt^ k f L 6 adap,6d t0 °°™™">icate 

instructions to the burst buffers 5 are provided *outa b« l' Wi " be d8SCribed furtner below 

under the control of a burs, buffer control* 7 2 ^l^ZtZ IT* ' ^ *"* ^ 5 0pera,e 
be.ow, in the architecture associated with the coproc^sso^ M^^i^SS^^^ r6aS ° nS diSCUSSed 
processor instruction queue 8, and the coprocessor operated ^ undTthZn,^ ^ p,WUed 8 C °" 

n IS ation of the operation ol the burst buffers and the coprocessor a S h^i I c °P™essor controller 9. Synchro- 
by a specific mechanism, rather than in a aenera. ™ZZ h assoc.ated mslruction queues is achieved 

comprises the ,oad,execu,e semapno/e fo'and S.^2ZZZ^; thi 7 mbodiment ' the danism 
described beiow (other such synchronisation mechanisms^^^^ ^ ^ * 

Description of Eleme nts in System Architecture 
TcoUatn^ 

itself are carried out in the coprcissor 2 The 71" emb ° d,ment described - a "> °' the steps in the computation 
for particular tasks: confi 9 u^i3 ^ 

5 and the main memory 3 Furthermore thmunh LIT ° dala be,ween the burst buffer mGr ™V 

instructions 'or further Lks^ 

coproLsIo; 2 ^ S and P el SISZ,^ h*^^ 3 PreC ~° r 1 f ^ »» ° pera « ion * 
5. The specific detail of this ar ange^^^^^ Pr ° CeSSOr 1 f rom the burst bu «^ 

below in the context o, the computational iSEl K^^SS™ ^ " ^ 

c^sUgTs^^ 

tion No. GB98/00248, US Patent Ap^ica ton ^SiS^^n GB98/00262 ' '"ternational Patent Applica- 
European Patent Application No 983096^0 9 h! lnw ? " P* 06 ™^ 1 " 8 " and " s Euro P ean eauiva '^ 
to the extent permissib.e b fe„ ^tS^S^S^^^ 10 ?" ^ incor P orated b V Terence herein 
and switching structures wherebv the ^ooriZnr ! f If ' t com P rlses a checkerboard array of 4-bit ALUs 
instruct another ALU. 1" *" ° U,PUt ftWn ° nG ALU can be used to 

adapted here to interact wiS input S^^^^-^l ? P * e,hed Ca,CU,ali0ns ' and is ^^e.y 
discussed further below) receives high-levercontroi InZ^L. r C ° pr ° Cessor contro,ler 9 < who ^ operation will be 
rather than instructions relating l ^ZtS ^uSn T. ^T*™ 5 f ° r overal1 control °< coprocessor 2, 
queue 8. The CHESS coprocessor run ^ underte ell". oHhe ^1°' " * e COprocessor instr ^ion 

^re?r on ?^ 

Lin 1 L: 0 ;r P rv^^: a DRTM"n^ 4 insRAM ^ but , he 

been described in European Patent Appffc^ Z Nc TSSSi^V P ^ bUfleW 5 BUr6t bUff0rs have 

09/3,526, filed on 6 January 1998 whS^ tl2»« n 97309514 4 and corr ^Ponding US Patent Application Serial No. 
by law The burst vS^TZS^ by referSnCe herein t0 the extent P^lssMe 

referred to these earlier appSons herS,n ' bUt fU " detai ' S ° f ,his a ^hitecture the reader is 

[0022] The burst buffer architecture is useful, but not fundamental, to the operation o, the present invention as de- 
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scribed in these embodiments. In the context of the present invention, the most significant aspect of the burst buffers 
architecture is that the burst buffers 5 operate according to instructions from the processor 1 , and that these instructions 
are provided by means of a queue (or alternative, as discussed below). This mechanism allows for the possibility of 
decoupling of the processor 1 from operation of the burst buffers 5 in an appropriate architecture. 
[0023] The elements of the version of the burst buffers architecture (variants are available, as is discussed in the 
aforementioned application) used in this embodiment are shown in Figures 2 and 3. A connection 12 for allowing the 
burst buffers components to communicate with the processor 1 is provided. Memory bus 16 provides a connection to 
the main memory 3 (not shown in Figure 2). This memory bus may be shared with cache 4, in which case memory 
datapath arbiter 58 is adapted to allow communication to and from cache 4 also. . 

[0024] The overall role of burst buffers in this arrangement is to allow computations to be performed on coprocessor 
2 involving transfer of data between this coprocessor 2 and main memory 3 in a way that both maximises the efficiency 
of each system component and at the same time maximises the overall system efficiency. This is achieved by a com- 
bination of several techniques: 

burst accesses to DRAM, using the burst buffers 5 as described below; 

simultaneous execution of computation on coprocessor 2 and data transfers between main memory 3 and burst 
buffer memory 5, using a technique called "double buffering"; and 

decoupling the execution of processor 1 from the execution of coprocessor 2 and burst buffer memory 5 through 
use of the instruction queues. 

[0025] "Double buffering" is a technique known in, for example, computer graphics. In the form used here it involves 
consuming - reading - data from one part of the burst buffer memory 5, while producing - writing - other data into a 
different region of tho samo memory, with a switching mechanism to allow a region earlier written to now to be read 
from, and vice-versa. 

[0026] A particular benefit of burst buffers is effective utilisation of a feature of conventional DRAM construction. A 
DRAM comprises an array of memory locations in a square matrix. To access an element in the array, a row must first 
be selected (or 'opened'), followed by selection of the appropriate column. However, once a row has been selected, 
successive accesses to columns in that row may be performed by just providing the column address. The concept of 
opening a row and performing a sequence of accesses local to that row is called a "burst". When data is arranged in 
a regular way, such as in media-intensive computations (typically involving an algorithm employing a regular program 
loop which accesses long arrays without any data dependent addressing), then effective use of bursts can dramatically 
increase computational speed. Burst buffers are new memory structures adapted to access data from DRAM through 
efficient use of bursts. 

[0027] A system may contain several burst buffers. Typically, each burst buffer is allocated to a respective data 
stream. Since algorithms have a varying number of data streams, a fixed amount of SRAM 26 is available to the burst 
buffers as a burst buffer memory area, and this amount is divided up according to the number of buffers required. For 
example, if the amount of fixed SRAM is 2 Kbytes, and if an algorithm has four data streams, the memory region might 
be partitioned into four 512 Byte burst buffers. 

[0028] In architectures of this type, a burst comprises the set of addresses defined by: 

burst = {B + S X i I B,S,i G N a 0 < i < L} 

where B is the base address of the transfer, S is the stride between elements, L is the length and N is the set of natural 
numbers. Although not explicitly defined in this equation, the burst order is defined by / incrementing from 0 to L-1. 
Thus, a burst may be defined by the 3-tuple of: 
(base__address, length, stride) 

[0029] In software, a burst may also be defined by the element size. This implies that a burst maybe sized in bytes, 
halfwords or words. The units of stride must take this into account. A "sized-burst" is defined by a 4-tuple of the form: 
(base_address, length, stride, size) 

[0030] A "channel-burst" is a sized-burst where the size is the width of the channel to memory. The compiler is 
responsible for the mapping of software sized-bursts into channel-bursts. The channel-burst may be defined by the 
4-tupfe: 

(base_address, length, stride, width) 

[0031] If the channel width is 32 bits (or 4 bytes), the channel-burst is always of the form: 
(base_address, length, stride, 4) 
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™™ 9 r at8d t0 3 " tUP,e ( base - add ™s> length, stride). 



& [0035] 



controller 56, responsive to ^^^^^^^^^^ DMA 
the burst buffer memory area 26 and the processor?™ th J™ of 00 qU6US 6 Data is exchanged between 

in Figure 3. the controlTnterface for* SSSK s ^liZ^l* ** COnn6Cti ° n means 12 As s "™n 

(MAT) 65 describing regions of main memory for bursts Ttf Lnri ^ * Pair ° f <ableS: 3 Mem ° ry Access Table 

Table (BAT) eadescriblng regions of b^rst buffer II! "Vl I , * ^ memor * and a Bu,fer Access 
is used for the burst buffer memory area 26 * embodlment ' a homogeneous area of dual-port SRAM 

BATs (such as is a,so described in European 
implicitly encoded in MATs and t*™££?Z^ °' ' he preSent inven,ion " the Parameters 

plicitly specified for every burst transfer issued ^he T . f ' len9th ' Stfide) WOuld then have to be ex- 
addresses, lengths and ^stride ^1^!liriZ2 , i£ U> ' T ^ ^ than strai 9™°™^ 
invention, this is typically useful, rather than cXST *" ^ 8lZe " ,he COn,ext of ,he P«*ent 

^LZl~L^ rb^ =on queueTaT * *~ ™" 8 » "« - a — 
reference slots in the MAT 65 and the BAT 66 The bulfer corM rnii^ , Pressed by a buffer control element 54 to 
registers 52. information contained I thes two t ab s TZT^TeZT* °T* ^ **» *"* C ° nlral 
memory-to-burst-buffertransaction. Outputs are prov ded f roTth* Si . T ™ *° d6SCribe 8 COmp,e1e main " 
controller 56 and hence to the memory datapa h ^^^S^^T^ T * ( ° MA) 
burst buffers memory area 26. transact.ons between the main memory 3 and the 



Kdj:^^^ 

and "storeburst". The loadburst instruction TauseL bursfo riS h TT" ^ instructions ™ "loadburst" 
in the memory 3 ,o that one o, the tuS^T^^T^^ h T"*"" ^ 3 de,ermined ,oca,ion 
burst of data words to be transferred from that on of he bu st buZ toT 9 inStmC,i ° a Which CaUSSS a 

Kg^ 

l&rrr r e 1 ? to perform ,he burst ' but - 

K2y a^^~^ r - Whi ° h ^ * tW ° 3^ - ^ -* of the 

and stride used at the memory end of te^^T^^*^^ **** nMMm ,he baSe addres ^ 

within the burst buffer memory^egion the e^bSrlent Si \ ^ 800682 tab ' e retrieves * e base add ^* 
by a context table (this is discussed rther i Eur^Zn p« T^ 9 and ° ffSetS are P rovid ^ to the index values 
use actual addresses instead The ^ £.07309614.4,. although it is possible to 

tables and uses them to specify the requiredTr^sfer ^ ' S P3SS6d thS P arameters the two 

[0038] Table 1 shows a possible instruction set. 
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5 


Opcode 


Parameter Value 


~ I 


TO 


BBJLOADBURST 


matindex (integer), 
bal_index (integer), 
blockincrement (boolean) 


Load a burst of data into the burst 
buffer memory from main 
memory, and optionally 
increments the base address in 
main memory 


15 
20 


BB_STOREBURST 


mat index (integer), 

bat index (integer), 

b lock _ increment (boolean) 


Store a burst of data into main 
memory from the burst buffer 
memory, and optionally 
increments the base address in 
main memory 




BBLXINCREMENT 


N/A 


Increment the value of the LX 
semaphore 


25 


BBXSDECREMENT 


N/A 


Decrement the value of the XS 
semaphore 




BB_SET_MAT 


entry (integer), memaddr (integer), 
extent (integer), stride (integer) 


Sets a MAT entry to the desired 
values 


30 


BB_SET_BAT 


entry (integer), bufaddr (integer), 
extent( integer) 


Sets a BAT entry to the desired 
values 



Table 1 : Instruction set for burst buffers 



[0039] The storeburst instruction (BB_STOREBURST) indexes parameters in the MAT and BAT, which define the 
characteristics of the requested transfer. If the blockJncrementbW is set, the memaddr fie id of the indexed entry in the 
MAT is automatically updated when the transfer completes (as is discussed below). 

[0040] The loadburst instruction (BB_LOADBURST) also indexes parameters in the MAT and BAT, again which define 
the characteristics of the required transfer. As before, if the blockjncrement bit is set, the memaddri ield of the indexed 
entry in the MAT is automatically updated when the transfer completes. 

[0041] The synchronisation instructions needed are provided as Load-Execute Increment and eXecute-Store Dec- 
rement (BB_LX_INCREMENT and BB_XS_DECREMENT). The purpose of BBJ_X_INCREMENT is to make sure that 
the execution of coprocessor 2 on a particular burst of data happens after the data needed has arrived into the burst 
buffer memory 5 following a loadburst instruction. The purpose of BB_XS_DECREMENT is to make sure that the 
execution of a storeburst instruction follows the completion of the calculation (on the coprocessor 2) of the results that 
are to be stored back into main memory 3. 

[0042] In this embodiment, the specific mechanism upon which these instructions act is a set of two counters that 
track, respectively: 

the number of regions in burst buffer memory 5 ready to receive a storeburst; and 
the number of completed loadburst instructions. 

[0043] Requests for data by the coprocessor 2 are performed by decrementing the LX counter, whereas the availa- 
bility of data is signalled by incrementing the XS counter These counters have to satisfy two properties: they must be 
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°nt*«. V r " ^ - ™« «>»«* '= ~P«d the pcooeee 

New York: Academic Press. (1968) pages 43-112 Th^ffm ^' F K GenUys (Edl,or >- Programming Languages, 
employed in embodiments of the S^-^j^^nS I * W M X ° deSCr ' be the counters 

semaphores described by Dijkstra, bu, broadly analogous " C ° Un,erS "* X ° ,he 

r ains an in,e9er — e - 

it. Executing a Wait () on a semaohore who T« ST S L, ? n ^ luting a Signal () instruction increments 
w^his^ 

SSTd iTi^ WOUld ^ *» a Wait o on the XS sema- 

(10 in Figure 1). As wilTbe described coloL J """"fT T' d ** 3 Signal 0 ° n the LX semaphore 

LX semaphore 10 and a Signal ( o he XS seZ^T t°h " 9 W ° U ' d ' conV6rsel » P^orm a Wait ( ) on the 
described in Dijkstra-s papa a though the ^ ° f ,heSe instructions «" be the same as 

from that desc ibed in SJ , o iglna^aPer These ns SZT ° Wa " 0 ° Perati ° nS dif,ers si 9niticant.y 

cussed further below), in orde to make su* tha teZZZZT ^T " *! aPPr ° Pria,e SSqUenCe < as is dis " 
correctness of the system is respected P ^ ° rder ' n9 ° f Certain 6Vents ' necessar y ^ the 



3. Stride Calni*,) - Ih. Interval between suoceesivre elements in a transler. 

™** ; ™ S " lh " 32 bH word-aligned address ol the lirst element of the channel borst. 

[0048] An example of values contained by a MAT slot miqht be- 
{Oxlfeelbad, 128, 16} 

roo4m Whi S feS f S 10 3 32 W ° rd 132 4 bytG W ° rds) bUrSt ' with each ™« separated by 4 words (4 4 bvte words^ 

[0050] The buffer access table (BAT) 66 will now be described with reference to Fin..™ q T hi • 
though nan o, eorrrs. be varl.d as ,o, the MAT 65. Lroh ease clp^a*,^ ^ ' 6 
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1 . Buffer address (bufaddr) - the start of the buffer in the buffer area 

2. Buffer size (bufsize) - the size of the buffer area used at the last transfer 

s [0051] The buffer address parameter bufaddr is the offset address for the first element of the channel-burst in the 
buffer area. The burst buffer area is physically mapped by hardware into a region of the processor's memory space. 
This means that the processor must use absolute addresses when accessing the burst buffer area. However, DMA 
transfers simply use the offset, so it is necessary for hardware to manage any address resolution required. Illegally 
aligned values may be automatically aligned by truncation. Reads of this register return the value used for the burst 

10 (i.e. if truncation was necessary, then the truncated value is returned). The default value is 0. 

[0052] The parameter bufsize is the size of the region within the buffer area occupied by the most recent burst. This 
register is automatically set on the completion of a burst transfer which targeted its entry. Note that the value stored is 
the burst length, since a value of 0 indicates an unused buffer entry. This register may be written, but this is only useful 
after a context switch when buffers are saved and restored. The default value is again 0, 

is [0053] Programming MAT and BAT entries is performed through the use of BB_SET_MAT and BB_SET_BAT in- 
structions. The entry parameter determines the entry in the MAT (or BAT) to which the current instruction refers. 
[0054] Further details of the burst buffer architecture and the mechanisms for its control are provided in European 
Patent Application No. 97309514.4 and the corresponding US Patent Application Serial No. 09/3,526. The details 
provided above are primarily intended to show the architectural elements of the burst buffer system, and to show the 

20 functional effect thai the burst buffer system can accomplish, together with the inputs and outputs that it provides. The 
burst buffer system is optimally adapted for a particular type of computational model, which is developed here into a 
computational model for the described embodiment of the present invention. This computational model is described 
further below. 

[0055] The burst instruction queue 6 has been described above. A significant aspect of the embodiment is that 

25 instructions are similarly provided to the coprocessor through a coprocessor instruction queue 8. The coprocessor 
instruction queue 8 operates in connection with the coprocessor controller 9, which determines how the coprocessor 
receives instructions from the processor 1 and how it exchanges data with the burst buffer system 5. 
[0056] Use of the coprocessor instruction queue 8 has the important effect that the processor 1 itself is decoupled 
from the calculation itself. During the calculation, processor resources are thus available for the execution of other 

30 tasks. The only situation which could lead to operation of processor 1 being stalled is that one of the instruction queues 
6,8 is full of instructions. This case can arise when processor 1 produces instructions for either queue at a rate faster 
than that at which instructions are consumed. Solutions to this problem are available. Effectiveness can be improved 
by requiring the processor 1 to perform a context switch and return to service these two queues after a predefined 
amount of time, or upon receipt of an interrupt triggered by the fact that the number of slots occupied in either queue 

35 has decreased to a predefined amount. Conversely, if one of the two queues becomes empty because the processor 
1 cannot keep up with the rate at which instructions are consumed, the consumer of those instructions (the coprocessor 
controller 9 or the burst buffer controller 7) will stall until new instructions are produced by the processor 1. 
[0057] Modifications can also be provided to the architecture which ensure that no further involvement from the 
processor 1 is required at all, and these will be discussed in the final part of this specification. 

40 [0058] The basic functions of the coprocessor controller 9 are to fetch data from the burst buffer memory 5 to the 
coprocessor 2 (and vice versa), to control the activity of the coprocessor, arid to synchronise the execution of the 
coprocessor 2 with the appropriate loads from, or stores to, the burst buffer memory 5. To achieve these functions, the 
coprocessor controller may be in essence a relatively simple state machine able to generate addresses according to 
certain rules. 

45 [0059] Figure 4 shows the coprocessor controller 9 in its relationship to the other components of the architecture, 
and also shows its constituent elements and its connections with other elements in the overall architecture. Its exact 
function depends on the type of inputs and outputs required by the coprocessor 2 and its initialisation requirements (if 
any), and so may vary in detail from that described below. In the case of a CHESS coprocessor, these inputs and 
outputs are input and output data streams exchanged with the burst buffer memory 5. 

so [0060] Coprocessor controller 9 performs two main tasks: 

control of the communication between the coprocessor 2 and the burst buffer memory 5; and 
maintenance of a system state through the use of a control finite state machine 42. 

55 [0061] The coprocessor 2 accesses data in streams, each of which is given an association with one of a number of 
control registers 41 . Addresses for these registers 41 are generated in a periodic fashion by control finite state machine 
42 with addressing logic 43, according to a sequence generated by the finite state machine 42. 
[0062] At every tick of a clock within the finite state machine 42, the finite state machine gives permission for (at 
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no two streams try and access the bus a! the same time- and that 

the execution of coprocessor 2 ,s synchronous with the data transfer to and from burst buffer memory 5. 

zo [0066] This latter requirement ensures that the coprocessor 2 is ready to read the data nlacPri hv, .h» h„r =l h rr 
memory 5 on the connection between the two devces, and vice-versa P V * 

bT e 7m™ U f ,r re than ,° ne PhySiCa ' Hne COU ' d USe,U " y be provided between ^ Chess array 2 and the burst 

memory 5) d.scourage the use of more than one connection with the coprocessor 2 
L0068] The coprocessor controller 9 also acts to control the execution «->f tho rwcso or,„.. 
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5 


Oncode 


a aicuuvlCi Value 


f" 1 n tyi m f»n t 

V^UilllilCllL 




CC_CURJlENT_PORT 


n (integer) 


Port # the next CC_PORT_xxx 
commands will refer to 


10 


CCJ»ORT_PERIOD 


(integer) 


Period of activity of a port 


CC_PORT_PHASE_START 


start (integer) 


Phase start of the activity of a port 




CC_PORT_PHASE_END 


end (integer) 


Phase end of the activity of a port 


15 


CC_PORT_TlME_START 


tstar, (integer) 


Start cycle of the activity of a port 




CC_PORT_TIME_END 


Wnd (integer) 


End cycle of the activity of a port 




CC_PORT_ADDRESS 


addr start (integer) 


Initial address for a port 


20 


CC_PORT_ INCREMENT 




Address increment for a port 




CC_PORT_ IS_ WRITE 


rw (boolean) 


Read/Write flag 


2B 


CC_START_EXEC 


Cycles (integer) 


Start/Resume the execution of 
coprocessor 2 for a determined # of 
cycles 




CC_LX_DECREM ENT 


N/A 


Decrement the value of the LX 


30 






semaphore 


CCXSENCREMENT 


N/A 


Increment the value of the XS 
semaphore 



Table 2: Coprocessor controller instruction set 

[0070] For the aforementioned instructions, different choices of instruction format could be made. One possible for- 
mat is a 32-bit number, in which 16 bits encode the opcode, and 16 bits encode the optional parameter value described 
40 above. 

[0071] The semantics of individual instructions are as follows: 

CC_CURRENT_PORT selects one of the ports as the recipient of all the following CC_PORT_xxx instructions, 
until the next CC_CURRENT_PORT 
45 • CC_PORT_PERIOD () sets the period of activation of the current port to the value of the integer parameter 

• CC_PORT_PHASE_START/CC_PORT_PHASE_END ( star t en d ) set the start/end of the activation phase of 
the current port to the value of the integer parameter ( start end ) 

• CC_PORT_TIME_START/CC_PORT_TIME„END (l start l end ) set the first/last cycle of activity of the current port 

• CC_PORT_ADDRESS (addr start ) sets the current address of the current port to the value of the integer parameter 
50 addr start 

• CC_PORTJNCREMENT (addr jncr ) sets the address increment of the current port to the value of the integer pa- 
rameter addr lncr 

CC_PORT JS_WRITE (rw) sets tho data transfer direction for the current port to the value of the Boolean parameter 
rw 

55 • CC_START_EXEC n^,^ initiates the execution of coprocessor controller 2 for a number of clock cycles specified 
by the associated integer parameter n cydes ; 

• CC_LXS_DECREMENT decrements (in a suspensive manner, as previously described) the value of the LX sem- 
aphore; 



11 



BNSDOCID: <EP 1061438A1_I_> 



EP 1 061 438 A1 

• CC_XSS_INCREMENT increments the value of the XS semaphore. 

s ^TJio^T is 8 is y r r r :; of ^Tr^r ,he burst buffer memory 5) if the 

svstems in whirh w ♦ . Gtarl cu ' end ' and S,art (t °"' mod >< ond ■ This allows the possibility of 

2?w J ? for '"stance, two streams exist, with equal period, say 5, and one has control of the BB memorv for 
the first 4 cycles, and the other has control for the remaining cycle memory for 

SSJl PrOCeSS ° f 6Xecutin9 an a| 9° rithm usin 9 this architecture involves first the programming of the cooroc- 

S intn°Ih« e initialisati0nof coprocessor 2, it will generally be most straightforward for the configuration to be 
oaded into the coprocessor itself by means specific to the actual embodiment of the device nT, 9 uratlon to 

[0075] For the programming of the coprocessor controller 9, the steps are as follows: 

in J™?", COprOCe f sor c ° ntrol,er 9 is configured according to the total number, periods, phases and address 

ZTJT &VetV l09 ' Cal Stream PrSSent in ,he Chess arra * as described before ^ example of the 
ming of the coprocessor controller 9 to perform the desired functions is provided below. 9 

J The next step in the configuration of coprocessor controller 9 is address configuration Although it is likelv that 
the characteristics (period, phase) of every logical stream will remain the same throughout an aSm the ac ua 
addresses accessed by the coprocessor contro.ler 9 in the burst buffers memory 5 will vary K is thTs variao Wtv 
buffers 3 ^, ^ bUrS ^ Uff T COntfoller 7 to P erf °- double-buffering in a straightforward manne r JSl the b^ lt 
buffers architecture. The effect of this double-buffering, as previously stated, is to give the coprocesso^ the 
impress^ that ,t ,s interacting with continuous streams, whereas in fact buffers are being switche^ontinuouify 

[0076] The burst buffers controller 7 also needs to be configured. To do this, the appropriate commands have to be 

burl, bu« nS T-Z n qUeUQ 6 " ° rder t0 COnfi9Ure the tranS,ere of data to a » d tan marrmony l^to tne 

th BATand ZE2 36 mStrUCti0nS (BB - SET - MAT and BB_SET_BAT) configure the appropriate entries within 
h! U t , ' 10 3 mannSr Cons,stent with the Programming of the coprocessor controller 9. in this embodiment 

possibility would be the use of memory-mapped registers which the processor 1 would write to and read from As in 
the present embodiment there is no possibility of reading from memory-mapped registers (as they are not pTesen. 

moTeTJ u-T^T ^ V? *" °° Mr ? " ho " Wer ' » te iS ^ a ^ificaT^ "urthe I 

TonL r mat ? «S ' ° n qU6Ue 6 f ° r thiS PUrp ° Se a " OWS the possibi,it y of interleaving instructions to 

of burst ,rans,ers ' ,hus — — — 

fn^ILf H rth T T. S haVS bee " performed ' theactua '«^ution of the CHESSarraycan be started. It isnecessary 
hi «S k f n,y ° mS,rUCt thS CHESS array ,0 rUn for a specified number of cycles. This is achieved by wrftfng 
In th«t th «T 85 8 Param6ter t0 3 CC - START -EXEC instruction in the coprocessor instruction que e 8 

sothatthis datacan men be passedtothe 
■ntoco^ 

array of coprocessor 2, and enables the execution of the CHESS array 

EtJS i T P °? ant St8P mu f* however be added bef °re instructions relating to the computation are placed in the 
succeSnnL tL °" dUSU8S , This is 10 ensure ,he necessar V synchronisation mechanisms are in place to implement 
successfully the synchronisation and double-buffering principles. The basic element in this mechanism is thaMhe 

l^ZZTT"" T' 7 * Cremen ' thS V3,Ue ° f thS LX S6maph0re and wi » sus P e " d coprocesTo o era. on 
unti it can do so. according to the logic described above. The initial value of this semaphore is 0' the coprocessor 
controller 9 and the coprocessor 2 are hence "frozen" at this stage. Only when the value of the LX semaphore's 
incremented by the burst buffers contro.ler 7 after a successful /oadW, instruction wil. the coprocessor ™ ao e to 
start (or resume) its execution. Toachieve this effect, a CC_LX_DECREMENT instruction is inserted in the cop'ocessS 
instruction queue 8 before the "start coprocessor 2 execution" (CC_START_EXEC) instruction. As wiTbe sZn a 

aueur 6 °^ ln9 , h ,nCrement LX f emaPh ° re " ( BB - LX -'NCREMENT) instruction wil. be inserted in the burst instruct 
queue 6 after the corresponding loadburst instruction 

TJJLZT V£ UanSfer ° f *** be,W6en CHESS '° 9iCal 6treams and ,he burst bufle r memory 5 is carried out in 
accordance with the programming of the coprocessor controller 9 as previously described 

[0080] The number of ticks for which the counter 42 has to run depends on how long it takes to consume one or 
more input bursts, .t is left to the app.ication software to ensure the correctness of the system. The progZmTng o 

next TZln ? ^ been C ° nSUmed ' the execu,ion of -processor' wTstop The 

next mstruction ,n the coprocessor instruction queue 8 must be a synchronisation instruction (that is a 
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CC_LX_DECREMENT), in order to ensure that the next burst of data has arrived into the burst buffers memory 5. 
Following this instruction (and, possibly, a waiting period until the data required is available), the initial address of this 
new burst of data is assigned to the data stream (with a CC_PORT_ADDRESS instruction), and execution is resumed 
via a CC_START_EXEC instruction. The procedure is similar for output streams (with the important difference that 
there will be no waiting period equivalent to that required for data to arrive from main memory 3 into burst buffers 
memory 5). 

Computational Model 

[0081] An illustration of the overall computation model will now be described, with reference to Figure 5. The illus- 
tration indicates how an algorithm can be recoded for use in this architecture, using as an example a simple vector 
addition, which can be coded in C for a conventional microprocessor as: 

int a[1024), b[1024], c[1024]; 
for <i=0; i<1024; i++) 
a[i)=b[i)+c(i] ; 

[0082] A piece of C code to run processor 1 which achieves on the architecture of Figure 1 the same functionality 
as the original vector addition loop nest is as follows: 
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int a[1024], b[1024] c[1024] ; " 

int eo, not_eo, k; 

/♦Port 0 specification: port # # increment, xfer size 
phase start, phase end, start time, end time, r/w*/ 
CIQ_STREAM< 0, 4, 4, 3, 0,1, 0, 3 *BLEN*MAXK+3 , 0 ); 



period, 



/*Port l specification*/ 
CIQ_STREAM( 1, 4, 4, 3, 1, 
/*Port 2 specification*/ 
CIQ_STREAM( 2, 4, 4, 3, 2, 
BIQ_SET_MAT(0, 
BIQ_SET_MAT (1, 
BIQ_SET_MAT(2 , 
BIQ_SET_BAT(0, 
BIQ_SET_BAT(2, 
BIQJSETJBATU, 
for( k * 0; k 



2, 0, 3*BLEN*MAXK+3, 0 ); 



3, 



{ 



&b [0] , BLENM, 
&c[0], BLEN*4 , 
&a[0], BLENM, 
0x0000, BLEN*4); 
0x0200, BLENM); 
0x04 00, BLEN*4); 
< MAXK; k++ ) 



0, 
4) 
4) 
4) 



3 *BLEN*MAXK+3 , 1 ); 



BIQ_SET_BAT(1, 
BIQJSET_BAT(3, 
BIQ_SET_BAT(5, 



0x0100, BLEN*4 ) 
0x0300, BLEN*4) 
0x0500, BLENM) 



/♦Even or odd iteration? - For double bufferinq*/ 
eo = k&Oxl; 
CIQ_LXD(2) ; 

CIQ_SA(0 ( (BLENM*eo) ) ; 
CIQ_SA(1, { (2*BLENM) +BLENM*eo) ) ; 
i CIQ_SA<2, ( (4*BLENM) +BLENM*eo) ) 
/♦Start Chess*/ 
CIQ_ST(3*BLEN) ; 
CIQ_XSI (1) ; 
/*BB Stuff*/ 
/♦Load A*/ 
BIQ_FLB(0,eo) ; 
/*Load B*/ 
BIQ_FLB(2,2+eo) ; 
BIQ_LXI(2) ; 
if ( k >= 1 ) 
{ 

not_eo = (eo==0)?l:0; 

BIQ_XSD(1); 

BIQ_FSB (4, 4+not_eo) ; 

} 

eo = MAXK & 0x1; 
not_eo = (eo==0) ?1:0; 
BIQ_XSD(1) ; 
BIQ__FSB(4,4+not_eo) ; 



50 



55 



[0083] m this arrangement, three ports are used in coprocessor controller 9: one for each input vector (b and c) and 
wh e e °e oL° d U T VeC lr ( t lalGmenlS 91 ,ineS 4 ' 6 and 8 ™ COde — <° initialise these three port T ese 
" NOWin9 C ° mmandS (thiS 15 feferenCe t0 Nne 4 " the ° ther expanded" macros are 

CC_CURRENT_PORT(0); 

CC__PORT_INCREMENT(4); 

CC_TRANSFER__SIZE(4); 

CC__PORT_PERIOD(3); 

CC_PORT_PHASE._START(0); 

CC_PORT__PHASE__END(1 ); 

CC_PORT_START_TIME(0)'; 
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CC_PORT_END_TIME(3*BLEN*MAXK+3); 
CC_PORTJS_WRITE(0); 

[0084] This code has the effect that port 0 will read 4 bytes of data every 3 rd tick of counter 42, and precisely at ticks 
5 0, 3, 6 ... 3*BLEN*MAXK+3, and will increment the address it reads from by 4 bytes each time. BLEN*MAXK is the 
length of the two vectors to sum (in this case, 1024), and BLEN is the length of a single burst of data from DRAM (say 
64 bytes). With these values, MAXK will be set to 1024/64=16. 

[0085] Lines 9 to 1 4 establish MATs and BATs for the burst buffers transfers, tying entries in these tables to addresses 
in main memory 3 and burst buffers memory 5. The command BIQ__SET_MAT(0, &b[0], BLENM, 4, TRUE) is a code 
io macro that is expanded into BB_SET_MAT(0, &b[0], BLENM, 4) and ties entry 0 in the MAT to address &b[0], sets the 
burst length to be BLENM bytes (that is, BLEN integers, if an integer is 32 bits) and the stride to 4. The two lines that 
follow are similar and relate to c and a. The line BIQ_SET_BAT(0, 0x0000, BLENM) is expanded to BB_SET_BAT(0, 
0x0000, BLENM) and ties entry 0 of the BAT to address 0x0000 in the burst buffers memory 5. The two lines that follow 
are again similar. 

is [0086] Up to this point, no computation has taken place; however, coprocessor controller 9 and burst buffers controller 
7 have been set up. The loop nest at lines 15 to 38 is where the actual computation takes place. This loop is repeated 
MAXK times, and each iteration operates on BLEN elements, giving a total of MAXK*BLEN elements processed. The 
loop starts with a set of instructions CIQ_xxx sent to the coprocessor instruction queue 8 to control the activity of the 
coprocessor 2 and coprocessor controller 9, followed by a set of instructions sent to the burst instruction queue 6 

20 whose purpose is to control the burst buffers controller 7 and the burst buffers memory 5. The relative order of these 
two sets is in principle unimportant, because the synchronisation between the different system elements is guaranteed 
explicitly by the semaphores. It would even be possible to have two distinct loops running after each other (provided 
that the two instruction queues were deep enough), or to have two distinct threads of control. 

[0087] The CIQ_xxx lines are code macros that simplify the writing of the source code. Their meaning is the following* 

25 

CIQ_LXD(N) inserts N CC_LXS_DECREMENT instructions in the coprocessor instruction queue 8; 
CIQ_SA(port, address) inserts a CC_CURRENT_PORT(port) and a CC_PORT_ADDRESS(address) instruction 
in the coprocessor instruction queue 8; 

CIQ_ST(cycleno) inserts a CC_EXECUTE_START(cycleno) instruction in order to let the coprocessor 2 execute 
30 for cycleno ticks of counter 42; and 

CIQ_XSI(N) inserts N CC_XSS_INCREMENT instructions in the coprocessor instruction queue 8. 

[0088] The net effect of the code shown above is to: 

35 synchronise with a corresponding loadburst on the LXS semaphore; 

start the computation on coprocessor 2 for 3*BLEN ticks of counter 42; and 
synchronise with a corresponding storeburst on the XSS semaphore. 

[0089] The BIQ_xxx lines are again code macros that simplify the writing of the source code. Their meaning is as 
40 follows: 

BIQ_FLB(mate,bate) inserts a BBJ_OADBURST(mate, bate, TRUE) instruction into the burst instruction queue 6; 
BIQ_LXI(N) inserts N BB_LX_I NCREMENT instructions in the burst instruction queue 6; 

BIQ_FSB(mate,bate) inserts a BB_STOREBURST(mate, bate, TRUE) instruction into the burst instruction queue 
45 6; and 

BIQ_XSD(N) inserts N BB_XS_DE CR E M E NT instructions in the burst instruction queue 6. 

[0090] The net effect of the code shown above is to load two bursts from main DRAM memory 3 into burst buffers 
memory 5, and then to increase the value of the LX semaphore 10 so that the coprocessor 2 can start its execution 
so as described above. In all iterations but the first one, the results of the computation of coprocessor 2 are then stored 
back into main memory 3 using a storeburst instruction. It is not strictly necessary to wait for the second iteration to 
store the result of the computation executed in the first iteration, but this enhances the parallelism between the co- 
processor 2 and tho burst buffers memory 5. 

[0091] The use of the two variables eo and not_eo is a mechanism used here to allow the double -buffering effect 
55 described previously. 

[0092] Lines 39 to 42 perform the last burst transfer to main memory 3 from burst buffers memory 5, compensating 
for the absence of a storeburst instruction in the first iteration of the loop body. 

[0093] The resulting timeline is as shown in Figure 6. Loadbursts 601 are the first activity (as until these are completed 
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the coprocessor is galled by the load/execute semaphore), and when these are completed the coprocessor 2 can 
begin to execute 602. The next instruction in the burst instruction queue 6 is another loadburst 601, which is carried 

tS nr^ , Wait T th l XS S6maPh0re 11 Si9na ' S th3t the first c ^P^ation on coprocessor 2 has completed 
This process continues throughout the loop. K 

^OS, ii ^ ,,h °^ h t the exam P ,e 'bleated above is for a very simple algorithm, it illustrates the basic principles required 

ndl^ fSZ f m ° re C ° mP K X Th9 P8rSOn Ski " 8d ,he art COUld USe ,he a PP roach ' P»™Wes and techniques 
anS^uT P^amm.ng the architecture of Figure 1 to adapt more complex algorithms for execution by this 

Tool chain for computation 

[0095] The principles of the computation model can be exploited in straightforward fashion by hand coding - that is 
manually wrrt.ng C code to run on the CPU adapted in conventional manner to schedule the appropriate operation of 
the system components (to place instructions in the appropriate queues, and to set the system components into op- 
eration as described), and to provide an appropriate configuration for the coprocessor in accordance with the standard 
synthesis tools for configuring that coprocessor. For a configurable or FPGA-based processor like CHESS this tool 
w.l generally be a hardware description language. An appropriate hardware description language to use for CHESS 
is JHDL described in, for example, "JHDL - An HDLfor Reconfigure Systems" by Peter Bellows and Brad Hutchinqs 
r«^ff 93 lhe ' EEE ^"V 08 """ ° n Field-Programmable Custom Computing Machines. April 1 998 
[0096] A preferred alternative is for a specific toolchain to be used for this computational architecture. The elements 
ot such a toolchain and its practical operation are described briefly below. 

[0097] The toolchain has the function of converting conventional sequential code to code adapted specifically for 
effects operation, and interoperation, of the system components. The exemplary toolchain receives as input C code 
2S and provides as output the following: 

a CHESS coprocessor configuration for execution of the computation; 

burst buffer schedule for moving data between the system memory and the burst buffer memory and 
a coprocessor controller configuration for moving data between the CHESS coprocessor and the burst buffer mem- 

nr\/ 
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[0098] The toolchain itself has two components. The first is a frontend, which takes C code as its input and provides 
annotated dependence graphs as its output. The second component is a backend, which takes the dependence graphs 
generated by the frontend, and produces from these the CHESS configuration, the burst buffers schedule and the 
35 coprocessor controller configuration. 

[0099] The main task of the frontend is to generate a graph which aptly describes the computation as it is to happen 
in coprocessor 2. One of the main steps performed is value-based dependence analysis, as described in W Puqh and 
D vVonnacott, "An Exact Method for Analysis of Value-based Array Data Dependences", University of Maryland In- 
stitute for Advanced Computer Studies - Dept. of Computer Science, University of Maryland. December 1993 The 
output generated is a description of the dataflow to be implemented in the CHESS array and a representation of all 
the addresses that need to be loaded in as inputs (via foadburst instructions) or stored to as outputs (via storeburst 
instructions), and of the order in which data has to be retrieved from or stored to the main memory 3. This is the basis 
upon which an efficient schedule for the burst buffers controller 7 will be derived. 
[0100] If we assume, as an example, the C code for a 4-tap FIR filter: 



int i, j, src[], kernel [] , dst [] ; 
for( i = 0; i < 1000; i + + ) 
for( j = 0; j < 4; j++ ) 

dst[i] = dst[i] + src [4 + i-j] *kernel [j] ; 



the input to the frontend, the output provided as a text file, will have the following form: 



BNSDOCID: <EP 1061438A1J_> 



16 



EP 1 061 438 A1 



5 



loop: 0<=i<999 #loop nest description 
loop: 0<=j<4 

16:str/0/0/20/ tfstore instruction 



LOD: 



10 



#Array:d [1/0/0] at line 11 

20 : ldc/16/0/0/ #load constant 

22 : str/0/0/26/ #store instruction, which 

LOD : 4 <= j ftwrites its outputs to main 

#Array:d [1/0/0] at line 13 tfmemory if 4<=j 



75 



26: add/22/27/31/ #addition 



27:lod/26/0/0/ #load instruction, taking its inputs 
Dep(16): [0] 10] / Range: j <= 0 #from instruction 16 if j<»0 
Dep(22): [0] El] / Range: 1 <= j #from instruction 22 otherwise 
LID: 

#Array:d [1/0/0] at line 13 
31:mul/26/32/37/ #multiplication 
32 :lod/31/0/0/ #load instruction 
Dep{32) : [1] [1] / Range: 1 <= i && 1 <= j 

LID: i <= 0 | | j <«= 0 && l <= i #which takes its inputs from main 
#Array :src [1/-1/0] at line 13 ^memory if i <= 0 | | j <= 0 && 1 i 

37 :lod/3l/0/0/ 



LID: i <= 0 #taking its inputs from main memory if 
#Array:kernel [0/1/0] at line 13 #i<«0 

[0101] This text file is a representation of an annotated graph. The graph itself is shown in Figure 7. The graph clearly 
shows the dependencies found by the frontend algorithm. Edges 81 are marked with the condition under which a 
dependence exists, and the dependence distance where applicable. The description provided contains all the infor- 
mation necessary to generate a hardware component with the required functionality. 

[0102] The backend of the compilation toolchain has certain basic functions. One is to schedule and retime the 
extended dependence graph obtained from the frontend. This is necessary to obtain a fully functional CHESS config- 
uration. Scheduling involves determining a point in time for each of the nodes 82 in the extended dependence graph 
to be activated, and retiming involves, for example, the insertion of delays to ensure that edges propagate values at 
the appropriate moment. Scheduling can be performed using shifted-linear scheduling, a technique widely used in 
hardware synthesis. Retiming is a common and quite straightforward task in hardware synthesis, and merely involves 
adding an appropriate number of registers to the circuit so that different paths in the circuit meet at the appropriate 
point in time. At this point, we have a complete description of the functionality of the coprocessor 2 (here, a CHESS 
coprocessor). This description is shown in Figure 8. This description can then be passed on to the appropriate tools 
to generate the sequence of signals (commonly referred to as "bitstream") necessary to program the CHESS coproc- 
essor with this functionality. 

[0103] Another function required of the backend is generation of the burst buffer and coprocessor controller schedule. 
Once the CHESS configuration has been obtained, it is apparent when it needs to be fed with values from main memory 
and when values can be stored back to main memory, and the burst buffer schedule can be established. Accordingly, 
a step is provided which involves splitting up the address space of all the data that needs to be loaded into or stored 
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sizes, such that all , he address ra ng 7n^ 

(where B len is a power of 2 and is 2erffi«r Tl I al 9°rthm .s covered. This toolchain uses bursts of length B, 
address £*. a's ^^T^^l^^^LZT ? t0 c -er as much of £ 

creasing lengths: B len /2, B, /4 B, /8 2 1 until ™ , 1„ * bUrSt ' 8n9,h ' ,he toolchain uses bu ^ts of de- 
only one burst. " ^ ' en " Z 1 Unt " eVety Input address nee °*° for the algorithm belongs to one and 

ffcoUr^ 

guaranteed that no earlier iterations neeSanv o he data S kT P °' nt the i,era,i ° n Space for which " is 
of the coprocessor 2 would reach thaTplt Z t^^^^JK *« «*" - «— « 

the execution of coprocessor 2 is synchronised wi7h the J^iS^iil^^^ * 9UMe ** 
£ a ^ 

a storeburst instruction for the relevant addresses- 

a corresponding synchronization point (BB_XS_DECREMENT / CC.XSJNCREMENT pair) 
[0109] At this point, we possess information relevant to: 

-^^^ 

™Z^:^T:ZT US8d l ° 96nera,e aPPr ° Priate ° C ° de «° ««• «- overall computation, as in the 

35 httpr/W.cs.umd.edu/projects^ ' t t °Z ^ ^ UniVerSi,y °' Maryland ' avai,ab,e at 

routines into the form described above ' customised scr.pt that translates the generic output of these 

Experiment al Results - Image Convolution 

4* [0112] An image convolution algorithm is described by the following loop nest: 

for (i = 0;i<IMAGE_HEIGHT,-i++) 
45 for ( j =0 ; j <IMAGE_WIDTH; j++) 

f or (k=0 ; k<KERNEL_HEIGHT; k++) 



25 



30 



SO 



SS 



f or (1=0; l<KERNEIi_WIDTH; 1++) 

Dest[i,j) +- Source [(i+i)-k,(j + i) -i]* C [k,l) ; 

in evading System PeSance a tSSSt^STC!^ M '°" S - TW ° kemels are «•« 

[0114] Figures 9 and inW^A T 5x5 kemel ' both P e ^rning median filtering. 

] F.gures 9 and 10 illustrate the performance of the architecture according to an embodiment of the invention 
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(indicated as BBC) as against a conventional processor using burst buffers (indicated as BB) and a conventional 
processor-and-cache combination (indicated as Cache). Two versions of the algorithm were implemented, one with 
32-bit pixels and one with 8-bit pixels. The same experimental measurements were taken for different image sizes, 
ranging from 8x8 to 1 28x1 28, and for different burst lengths. 

5 [0115] As can be seen from the Figures, the BBC implementation showed a great performance advantage over the 
BB and the Cache implementations. The algorithm is relatively complex, and the overall performance of the system in 
both BB and Cache implementations is heavily compute-bound - the CPU simply cannot keep up because of the high 
complexity of the algorithm. Using embodiments of the invention, in which the computation is vastly more effective as 
it is carried out on the CHESS array (with its inherent parallelism), the performance is if anything lO-bound - even 

10 though IO is also efficient through effective use of burst buffers. Multimedia instructions (such as MIPS MDMX) could 
improve the performance of the CPU in the BB or the Cache implementations, as they can allow for some parallel 
execution of arithmetic instructions. Nonetheless, the performance enhancement resulting is unlikely to reach the per- 
formance levels obtained using a dedicated coprocessor in this arrangement. 

15 Modifications and Variations 

[0116] The function of decoupling the processor 1 from the coprocessor 2 and the burst buffer memory 5 can be 
achieved by means other than the instruction queues 6,8. An effective alternative is to replace the two queues with 
two small processors (one for each queue) fully dedicated to issuing instructions to the burst buffers memory 5 and 

20 the coprocessor 2, as described in Figure 12. The burst instruction queue is replaced (with reference to the Figure 1 
embodiment) by a burst command processor 106, and the coprocessor instruction queue is replaced by a coprocessor 
command processor 108. Since this would be the only task carried out by these two components, there would be no 
need for them to be decoupled from the coprocessor 2 and the burst buffers 7 respectively. Each of the command 
processors 106, 108 could operate by issuing a command to the coprocessor or burst buffers (as appropriate), and 

25 then do nothing until that command has completed its execution, then issue another command, and so on. This would 
complicate the design, but would free the main processor 1 from its remaining trivial task of issuing instructions into 
the queues. The only work to be carried out by processor 1 would then be the initial setting up of these two processors, 
which would be done just before the beginning of the computation. During the computation, the processor 1 would thus 
be completely decoupled from the execution of the coprocessor 2 and the burst buffers memory 5. 

30 [01 1 7] Two conventional, but smaller, microprocessors (or, alternatively, only one processor running two independent 
threads of control) could be used, each one of them running the relevant part of the appropriate code (loop nest). 
Alternatively, two general state machines could be synthesised whose external behaviour would reflect the execution 
of the relevant part of the code (that is, they would provide the same sequence of instructions). The hardware complexity 
and cost of such state machines would be significantly smaller than that of the equivalent dedicated processors. Such 

35 state machines would be programmed by the main processor 1 in a way similar to that described above. The main 
difference would be that the repetition of events would be encoded as well: this is necessary for processor 1 to be able 
to encode the behaviour of one algorithm in a few (if complex) instructions. In order to obtain the repetition of an event 
x times, the processor 1 would not have to insert x instructions in a queue, but would have to encode this repetition 
parameter in the instruction definition. 

to [0118] As indicated above, a particularly effective mechanism is for finite state machines (FSMs) to be used instead 
of queues to decouple the execution of the main processor 1 from the execution of coprocessor 2 and the burst buffers 
controller 7. This mechanism will now be discussed in further detail. 

[0119] In the architecture illustrated in Figure 1, instructions to drive the execution of different I/O streams can be 
mixed with instructions for execution of coprocessor 2. This is possible because the mutual relationships between 
45 system components is known at compile time, and therefore instructions to the different system components can be 
interleaved in the source code in the correct order. 

[0120] Two state machines can be built to issue these instructions for execution in much the same way One such 
slate machine would control the behaviour of the coprocessor 2, issuing CC_xxx_xxx instructions as required, and the 
other would control the behaviour of burst buffers controller 7, issuing BB_xxx_xxx instructions as required. 
so [0121] Such state machines could be implemented in a number of different ways. One alternative is indicated in 
Figure 1 3. With reference to the vector addition example presented above, this state machine 150 (for the coprocessor 
2, though the equivalent machine for the burst buffers controller 7 is directly analogous) implements a sequence of 
instructions built from tho pattern: 



S5 



CC. 

cc 

CC 

cc 



LX_DECREMENT, 
LX_DECREMENT, 
STARTJrXEC, 



XSJNCREMENT 
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Phases which can be associated ^TK^S^^ ** "° re ' a,i ° nShip ,0 periods ™ d 

controller 7) is assigned to each of Z simpS st*e SSZTSS. ? COprocessor 2 a <* the burst buffers 

an array o, such simpler state machTnesT a SS^SS^ !S^ "?* 1 5 ° Wi " tyPiCa " y COn,ain 

[0123] An event counter 1 54 is defined ThV^l JT . V rec < u,rements °< '"tended applications, 
coprocessor 2) to be sent out in sequence Each Lth« " T 154 * l ° a "° W inS,mctions < in this case - *» 
such that MVeriod^Phasepvl o?Event £u2 Z «T ^T' T " incremented . if •«» exists a value M 
152. 153) is chosen for execution 1^^^^^^^ ' ( " * ^ ° f ^ SimP ' er Sta,e maChines 151 ■ 
of the application sottware to ensure Z noZ TsZnaS*! ITn ! " iS ,he responsibiiity 

of that instruction is completed the event counTer T ^ ,hiS eqUatioa When the execu «i°" 

rised as: ' ' C ° Unter 154 13 lncre ™nted aga,n. This sequence of events can be summa- 

1: Increment event counter: EC++ 

2: Choose state machine i for execution if there exists an M such that M*Period. + Phase -EC 

ar P r n rr^ 

4: Go back to 1 

» being <ha, „,„ 6 J ple J^l ^ ^ ™<f™ * >~*» ™ ™. »ha„, ,ne only o„n s . qu o„oe 

* main processo, i could be „,ed ^l^S^JSJS,? ° U " ; SSm * U5ed <° P"wm 

.hos. intendad to, buret bune^^r 7 SSTZS. X 9 CO " ,ma ™ ls MS ™ Jsd "» «» 'W« 2 lr«n 

[0131] F,gure 11 B shows a different type of computational pipeline, with an SRAM cache 155 between two CHESS 
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arrays 151, 156, with loads provided to a first set of burst buffers 152 and stores provided by a second set of burst 
buffers 157. The role of the processor 153 and of the main memory 154 is essentially unchanged from other embodi- 
ments. Synchronisation may be less difficult in this arrangement, although the arrangement may also exploit parallelism 
less effectively. 

s [01 32] One constraint on efficient use of the coprocessor in an architecture as described above is that the execution 
time of the coprocessor implementation should be known (to allow efficient scheduling). This is achievable for many 
media-processing loops. However, il execution times are unknown at compile time, then the scheduling requirements 
in the toolchain need to be relaxed, and appropriate allowances need to be made in the synchronisation and commu- 
nication protocols between the processor, the coprocessor and the burst buffers. The coprocessor controller also will 

10 need specific configuration for this circumstance. 

[0133] Another extension is to allow non-affine references to burst buffers memory. In the burst buffers model used 
above, all access is of the type Al+F, where A is a constant matrix, I is the iteration vector and F is a constant vector. 
Use of this limited access model allows the coprocessor controller and the processor to know in advance what data 
will be needed at any given moment in lime, allowing efficient creation of logical streams. The significance of this to 

is the architecture as a whole is such thni it is unclear how non-affine access could be provided in a completely arbitrary 
way (the synchronisation mechanisms would appear to break down), but it would be possible to use non-affine array 
accesses to reference lookup tables This could bo done by loading lookup tables into burst buffers, and then allow 
the coprocessor to generate a burst butler address relative to the start of the lookup table for subsequent access. It 
would be necessary to ensure that such addresses could be generated sufficiently far in advance to the time that they 

20 will be used (possibly this could be achieved by a rehnement to the synchronisation mechanism) and to modify the 
logical stream mechanism to support tins type of recuisive reference. 

[01 34] Many variations and extensions to the architecture of Figure 1 can thus be carried out without deviating from 
the invention as claimed. 

25 

Claims 

1. A computer system, comprising: 
30 a first processor; 



a second processor for use as a coprocessor to the first processor; 
a memory; and 

35 

a decoupling element; 

wherein instructions are passed to the second processor from the first processor through the decoupling element, 
such that the second processor consumes instructions derived from the first processor through the decoupling 
40 element, and wherein the second processor receives data from and writes data to the memory, whereby the 

processing of instructions by the second processor is decoupled from the operation of the first processor. 

2. A computer system as claimed in claim 1, wherein the decoupling element is a coprocessor instruction queue, 
wherein instructions are added to the coprocessor instruction queue by the first processor and consumed from the 

45 coprocessor instruction queue by the coprocessor. 

3. A computer system as claimed in claim 1 , wherein the decoupling element is a state machine, wherein information 
to provide instructions to the second processor is provided to the state machine by the first processor, and instruc- 
tions are provided in an ordered sequence to the second processor by the state machine 

so 

4. A computer system as claimed in claim 1 , wherein the decoupling element is a third processor, wherein information 
to provide instructions to the second processor is provided to the third processor by the first processor, and in- 
structions are provided in an ordered sequence to the second processor by the third processor. 

55 5. A computer system as claimed in any preceding claim, further comprising a coprocessor controller for controlling 
the activity of the second processor and for synchronising the execution of the coprocessor with loads from memory. 

6. A computer system as claimed in any preceding claim, wherein the second processor is configurable. 
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passing instructions derived from said information from the decoupling element to the second processor and 
executing said instructions on the second processor, wherein the processing of said instructions by the second 
processor is decoupled from the operation of the first processor. 
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